Research in context {#sec0001}
===================

Evidence before this study {#sec0002}
--------------------------

CSC theory states that, analogous to the renewal of normal tissues, tumor growth is similarly fueled by small numbers of CSCs hidden in cancers. CSCs are proposed to be responsible for the poor prognosis of OSCC.

FOXO3a has been widely regarded as a *bona fide* tumor suppressor because of the ability to induce apoptosis and cell cycle arrest. However, some studies illustrate a more complex supportive role of FOXO3a in cancer. For example, the role of FOXO3a in cancer stem cells remains contradictory.

Added value of this study {#sec0003}
-------------------------

By analyzing stable OSCC cell lines with differential expression of FOXO3a, we provide evidence that FOXO3a negatively regulates the stemness of OSCC. Our data further indicates that FOXO3a can be abolished by TGFβ in non-Smad pathway. This non-Smad AKT-FOXO3a axis is crucial to regulate stemness of CSCs by TGFβ.

Implications of all the available evidence {#sec0004}
------------------------------------------

Our study suggests TGFβ induces stemness through non-canonical AKT-FOXO3a axis in OSCC. Moreover, we provide a foundation to understand the mechanism of CSCs and a possible therapeutic target,AKT-FOXO3a, to eliminate CSCs.

1. Introduction {#sec0005}
===============

Oral squamous cell carcinoma (OSCC) is an important subset of head and neck cancer. Although there have been advances in the diagnosis and therapy of OSCC in recent years, the overall survival rate is still unsatisfactory [@bib0001], [@bib0002]. The poor prognosis associated with OSCC has been largely attributed to the high propensity for local recurrence and lymph node metastasis.

Tumors are known to be heterogeneous in nature. Mirroring normal tissue, cancer tissues often consist of a hierarchical organization, with a small group of cancer stem cells (CSCs) at the apex. CSC is a rare sub-population of cells in a tumor with stem cell-like properties, such as self-renewal, drug resistance and tumor initiation [@bib0003], [@bib0004]. Previous studies have demonstrated that CSCs could be responsible for therapeutic resistance, recurrence and metastasis of cancer, including OSCC [@bib0003], [@bib0004]. Therefore, understanding the molecular mechanism of CSCs could be beneficial for designing an effective strategy to improve the prognosis of OSCC patients. Several methods, including the side population (SP) assay, have been used in identification and isolation of CSCs. SP assay involves staining the cells using Hoechst 33,342 or Rhodamine 123, followed by FACS analysis. Cells with stem-cell like properties can efflux the dye through their ABC transporters [@bib0005].

Forkhead box (FOX) proteins are a highly conserved transcription factor superfamily, characterized by an approximately 100‐residue Forkhead DNA‐binding domain [@bib0006]. FOXO3a is a member of FOXO subfamily and involved in a wide range of biological processes, including apoptosis, cell cycle progression, proliferation, DNA repair, anti-oxidative stress responses, longevity, and differentiation [@bib0006], [@bib0007], [@bib0008], [@bib0009], [@bib0010], [@bib0011]. Deregulation of FOXOs' functions can lead to carcinogenesis. FOXO3a has been widely regarded as a *bona fide* tumor suppressor due to its ability to induce apoptosis [@bib0012], [@bib0013], [@bib0014] and cell cycle arrest [@bib0014], [@bib0015]. In recent years, some studies have demonstrated that FOXO3a is not merely a classic tumor suppressor; it plays a more complex supportive role in cancer [@bib0008]. Moreover, the role of FOXO3a in CSCs is contradictory. It has been reported that activation of FOXO3a can lead to the elimination of CSCs and stem cell-like properties [@bib0016], [@bib0017], [@bib0018], [@bib0019], while other reports suggest the opposite [@bib0020], [@bib0021], [@bib0022].

Our previous study revealed that TGFβ contributes to the regulation of Foxp3^+^ lymphocytes in Tongue squamous cell carcinoma (TSCC) tumor microenvironment [@bib0023]. We observed that TGFβ enhanced the stemness of TSCC cells. TGFβ signaling plays a paradoxical role in the progression of carcinogenesis. On one hand, this pathway induces apoptosis and inhibits proliferation in epithelial cells, which suppresses carcinogenesis. On the other hand, it contributes to tumor progression in advanced tumors by enhancing stemness, invasion and chemoresistance [@bib0024]. The canonical pathways of TGFβ depend upon Smad pathway [@bib0025]. However, emerging pieces of evidence suggest that TGFβ also crosstalks with other non-Smad pathways, such as PI3K/AKT [@bib0026] and MEK/ERK [@bib0027], which might regulate FOXO3a functionally.

In this study, we detected the expression of FOXO3a in OSCC tissue specimens and cell lines. Its effects on stem-cell like properties were investigated by overexpression and knockdown in OSCC cell lines. In addition, we also explored the effectiveness of TGFβ on FOXO3a expression and function.

2. Materials and methods {#sec0006}
========================

2.1. Patients and tissue samples {#sec0007}
--------------------------------

One hundred and twenty-four pairs of paraffin-embedded OSCC and adjacent tissues samples were obtained from the Department of Oral and Maxillofacial Surgery, Guanghua Hospital of Stomatology, Sun Yat-sen University from July 2014 to December 2016. Informed consent was obtained from all the study participants. Approval for this research was obtained from the Institutional Research Ethics Committee. The clinical and pathological data associated with the patients were summarized in the supplementary Table S1. None of the patients had undergone chemotherapy or radiotherapy treatments before surgery. The clinicopathological staging was determined according to the 2002 UICC TNM classification system for malignant tumors. Tumor histological stages were determined as per the 2004 WHO classification system.

2.2. Chemicals and reagents {#sec0008}
---------------------------

Recombinant human TGFβ was purchased from R&D Systems (Minneapolis, MN). AKT inhibitor MK2206, proteasome inhibitor MG132 and verapamil were purchased from Selleck Chemicals (Houston, TX, USA). Primary antibodies against FOXO3a(AB_2636990, AB_836876), p-FOXO3a (Thr32)(AB_329842), p-FOXO3a (Ser253)(AB_2106674), SOX2 (AB_2799734), ABCG2 (AB_2799211), BMI1 (AB_2799353), CD44(AB_2076465), AKT(AB_10694382), p-AKT(Thr308)(AB_2800089), p-AKT(Ser473)(AB_2797780),ERK1/2 (AB_10693607),p-ERK1/2(Histone H3A (AB_331772) , and tubulin(AB_2799519) were obtained from Cell Signaling Technology (Danvers, MA, USA). Primary antibodies against FOXO3a (Chip grade, AB_298893) and IVL (AB_305656) were purchased from Abcam (Cambridge, MA, USA). All HRP-labeled secondary antibodies were also purchased from Cell Signaling Technology (Danvers, MA, USA). Hoechst 33342 was purchased from Sigma Aldrich (St Louis, MO, USA). Lentiviral particles were designed and synthesized by Hanbio (Shanghai, China). The sequences are listed below.LV-RNAi1: 5′- GCACAACCTGTCACTGCATAG-3′LV-RNAi2: 5′- GACTTCCGTTCACGCACCAATTCTA -3′LV-RNAi3: 5′- GAGAACAAGCCAGCTACCTTCTCTT -3′Scrambled sequence 5′-TTCTCCGAACGTGTCACGTAA-3′

2.3. Cell lines and cell culture {#sec0009}
--------------------------------

The human OSCC cell lines SCC15 and SCC25 were obtained from the American Type Culture Collection (ATCC). Cells were cultured in DMEM/F12 (Gibco, Carlsbad, CA, USA) with 10% fetal bovine serum (Gibco, Carlsbad, CA, USA) at 37 °C in 5% CO2 atmosphere.

2.4. Overexpression, knockdown and mutation of FOXO3a in OSCC cell lines {#sec0010}
------------------------------------------------------------------------

To down-regulate expression of endogenous FOXO3a, SCC15 and SCC25 cells were transfected with the vector containing FOXO3a shRNA lentiviral particles following the manufacturer\'s protocol (Hanbio, Shanghai, China). Stable clones were selected after 2 µg/ml puromycin treatment and were named SCC15-FOXO3a-shRNA and SCC25-FOXO3a-shRNA.

For overexpressing FOXO3a, lentiviruses containing the human FOXO3a full-length sequence were used to transfect SCC15 and SCC25 cell lines. An empty vector was also transfected into these two cell lines to produce negative controls. These stable cell lines were named SCC15-FOXO3a-WT and SCC25-FOXO3a-WT.

A vector containing a mutant version of FOXO3a, in which the three AKT phosphorylation sites (Ser253, Thr32, Thr315) were mutated to alanine, was also transfected into SCC15 and SCC25 cells. These stable cell lines were named SCC15-FOXO3a-A3 and SCC25-FOXO3a-A3.

2.5. Western blotting {#sec0011}
---------------------

Cells were washed with ice-cold PBS. Total protein was extracted using the RIPA cell lysis buffer (CWBIO, Beijing, China) containing proteinase and phosphatase inhibitors (Roche, Indianapolis, IN, USA). Nuclear and cytoplasmic extraction was performed following the standard protocol of NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo-Pierce, Rockford, USA). Equal amounts of protein samples were loaded onto a 10% sodium dodecyl sulfate-polyacrylamide gel and separated by electrophoresis (SDS-PAGE). Protein was transferred from the gel onto polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). After blocking, membranes were incubated with specific primary antibodies overnight at 4 °C. After PBS washes, the membranes were incubated with the corresponding secondary antibodies for 1 h. Target protein bands were detected by enhanced chemiluminescence (ECL; Immobilon Western HRP substrate; Millipore, Billerica, MA, USA) and visualized using the GeneGnome XRQ bio-imaging system (Syngene, Cambridge, UK).

2.6. Quantitative real-time PCR {#sec0012}
-------------------------------

Total RNA was isolated from cells using TRIzol reagent (Thermo-Pierce, Rockford, USA) following the manufacturer\'s protocol. A total of 1000 ng RNA was converted into cDNA using PrimeScript^TM^RT Master Mix (TaKaRa, Shiga, Japan). After a 2-fold dilution, cDNA was subjected to PCR amplification using LightCycler 480 SYBR Green I Master mix (Roche, Indianapolis, IN, USA) in a LightCycler^Ⓡ^ 480 Instrument (Roche). GAPDH was used as a reference gene for qRT-PCR analysis. The sequence of the primers used for PCR is provided in Table S2.

2.7. RNA sequencing {#sec0013}
-------------------

To investigate the transcriptome after overexpression of FOXO3a, total RNA was isolated from cells using TRIzol reagent. RNA-seq was performed by BGI (Shenzhen, China). Gene set enrichment analysis (GSEA) was used to analyze the differential gene expression [@bib0028], [@bib0029]. Accession numbers for raw data have been listed in Table S3. The gene sets of cancer stem cells were obtained from the Molecular Signatures Database (MSigDB).

2.8. Immunohistochemistry {#sec0014}
-------------------------

For the immunohistochemistry assay, 4 µm-thick slides were de-waxed and rehydrated. For antigen retrieval, the slides were heated in citrate buffer (pH 6.0) in a pressure-cooker for 3 min and cooled naturally to room temperature. Endogenous peroxidase was blocked by incubating the slides with a nonspecific-staining blocker (Gene Tech, Shanghai, China) for 15 min. Serial sections were incubated with primary antibody against FOXO3a (1:300) or SOX2 (1:200) overnight at 4 °C. The staining procedure was performed using a highly sensitive streptavidin-biotin-peroxidase detection system for the primary antibody (Gene Tech, Shanghai, China), and the counterstaining procedure was performed with hematoxylin.

2.9. Immunofluorescence {#sec0015}
-----------------------

Cells were fixed with 4% formaldehyde and then permeabilized with 0.2% Triton X-100 for 10 min at room temperature. After blocking, cells were incubated with primary antibodies against FOXO3a (1:1000) overnight at 4 °C, and then with the corresponding secondary antibodies for 1 h 4′, 6-Diamidino-2-phenylindole (DAPI) was used to stain nuclei. Images were taken using an Axio Image.Z2 microscope (ZEISS, Shanghai, China).

2.10. Sphere formation assay {#sec0016}
----------------------------

For the sphere formation assays, 1000 cells/well were plated in ultra-low attachment 6-well plates (Corning, Steuben, NY, USA). The DMEM/F12 was supplemented with 2% B27, 10 ng/mL rh-bFGF, and 20 ng/mL rh-EGF (Life Technologies, Carlsbad, CA, USA). Spheres larger than 25 µm in diameter in each well were calculated on the 14th day as the primary generation, using an inverted microscope (Zeiss, Shanghai, China). The primary spheres were harvested and dissociated to single cells with Accutase^Ⓡ^ (Thermo-Pierce, Rockford, USA) for the secondary sphere formation. Sphere formation efficiency was calculated by dividing the number of spheres larger than 25 µm by the total number of plated cells.

2.11. Flow cytometry analysis for side population {#sec0017}
-------------------------------------------------

Cells were prepared at a concentration of 1 × 10^6^/ml and stained with 2.5 µg/mL Hoechst 33,342 in F12 medium containing 2% FBS at 37 °C for 90 min. Control cells were treated with 50 µg/ml verapamil inhibiting the ABC transporters combined with Hoechst 33,342. After incubation, cells were washed and resuspended in PBS with 2% BSA. The cells were analyzed for examination and isolation of side population using FACSAria Fusion (BD Bioscience, Franklin Lakes, NJ, USA).

2.12. Drug resistance assays {#sec0018}
----------------------------

For the drug resistance assays, 2 × 10^3^ cells per well were plated in 96-well plates (Corning, Steuben, NY, USA). Cells were exposed to different concentrations of cisplatin (0, 1, 2, 4, 8 or 16 µM) for 48 h. Then, 10 µL of CCK8 solution was added to each well, followed by a 2 h incubation at 37 °C. The reaction was quantitatively measured in Infinite M200 (Tecan, Switzerland) at a wavelength of 450 nm.

2.13. ChIP-PCR assay {#sec0019}
--------------------

ChIP assays were performed using a Magna Chip A/G Chromatin Immunoprecipitation Kit (Merck Millipore, Darmstadt, Germany) following the manufacturer\'s protocol. Briefly, cells were cross-linked with formaldehyde and sonicated to shear the DNA into fragments of 200--500 bp. After pre-cleaning, for each sample, 1% of the supernatant was used as the input loading control (positive control), whereas the remaining chromatin supernatant was incubated with FOXO3a antibodies or normal rabbit IgG (negative control) for chromatin immunoprecipitation. Protein-chromatin complexes were eluted to recover free DNA and then analyzed using quantitative PCR analysis. PCR products were separated by electrophoresis on a 1.5% agarose gel and detected with ethidium bromide. Primer sequences for ChIP assay are listed in Table S2.

2.14. Xenograft mouse models of OSCC {#sec0020}
------------------------------------

Animal experiments were approved by the Institutional Research Ethics Committee of Sun Yat-sen University (Project License 2017-036QX). Four-week-old female BALB/c-nu mice were randomly divided into different groups. All mice had free access to water, environmental enrichment, maintenance diet, and were exposed to a 12-h light/dark cycle, at 22 °C and 55% humidity. Approximately 10^4^, 10^5^ or 10^6^ cells of SCC15-FOXO3a-shRNA and SCC25-FOXO3a-shRNA cell lines or their controls were injected subcutaneously into the axilla of BALB/c-nu mice. Tumor growth was monitored every 3 days. Tumor volume was calculated using the formula: 0.2618 × *L* × *W* × (*L* + *W*), where W and L represent the average width and length of the tumor [@bib0030]. The total tumor volume was measured on the 28th day.

2.15. Statistical analysis {#sec0021}
--------------------------

Statistical analysis was performed using the Student\'s *t*-test, one-way analysis of variance (ANOVA), chi-square test, Wilcoxon rank-sum test or Extreme Limiting Dilution Analysis (ELDA) [@bib0026] using the SPSS 20.0 software (SPSS Inc, Chicago, IL, USA). The *p*-value \< 0.05 was considered as statistically significant.

3. Results {#sec0022}
==========

3.1. FOXO3a is negatively correlated with the stemness of OSCC {#sec0023}
--------------------------------------------------------------

Based on the results of immunohistochemistry, 124 OSCC patients were divided into low-expression and high-expression groups. The expression levels of FOXO3a were not related to age, gender, histological grade, and T or N stage ([Table 1](#tbl0001){ref-type="table"}). As shown in [Fig 1](#fig0001){ref-type="fig"}a, in the hierarchy of pericarcinous tissue, the expression of FOXO3a increased from stratum basal to stratum granulosum/intermedium (*p* \< 0.001, Wilcoxon rank-sum test). These results indicate that FOXO3a expression can be positively correlated with the differentiation level of keratinocytes. Moreover, the expression of SOX2 was negatively related to the expression of FOXO3a in OSCC ([Fig 1](#fig0001){ref-type="fig"}b [Table 1](#tbl0001){ref-type="table"}, *p* = 0.001, chi-square test). SOX2 is one of the markers of cancer stem cells (CSC) in OSCC. We also isolated the CSCs by flow cytometry. This subgroup appears on the left side of a FACS analysis panel, which refers to SP [@bib0005].The expression of FOXO3a was significantly decreased in the side population in SCC15 and SCC25 ([Fig 1](#fig0001){ref-type="fig"}c, *p* \< 0.05, Student\'s *t*-test).Table 1Correlation of FOXO3a expression with clinicopathological variables of OSCC patients.Table 1CharacteristiccaseFOXO3a expressionLowHigh*p*-valueAges≤505926330.375\>50653431GenderMale9046440.421Female341420Histological gradeWell4720270.484Moderate743935Poor312Size (T stage)T1-T28037430.576T3-T4442321LN metastasis (N Stage)N07131400.276N1-N3532924Expression of SOX2Low7125460.001[\*](#tb1fn1){ref-type="table-fn"}High533518[^2]Fig. 1FOXO3a is negatively correlated with the stemness of OSCC (a) Immunohistochemistry images of FOXO3a in pericarcinous epithelium (*n* = 124). The red line represents basement membrane. The layers from the red line to the green line represent the stratum basale. The layers from the green line to the orange line represent stratum spinosum. The layers from the orange line to the surface represent stratum granulosum/intermedium (b) Representative immunohistochemistry images of FOXO3a(left) and SOX2(right) expression in paraffin-embedded samples from OSCC tissue (*n* = 124) (c) The expression of FOXO3a in the side population of SCC15 and SCC25.Fig 1

3.2. FOXO3a negatively regulates the stemness of OSCC {#sec0024}
-----------------------------------------------------

To further investigate the relationship between FOXO3a and stemness in OSCC, stable cell lines with differential expression of FOXO3a were constructed ([Fig. 2](#fig0002){ref-type="fig"}a--c Fig S1a). Our findings suggest that the expression level of FOXO3a is negatively correlated with stemness markers including SOX2, ABCG2, CD44 and positively related to differentiation marker IVL ([Fig. 2](#fig0002){ref-type="fig"}a,b, *p*-value \< 0.05, Student\'s *t*-test). Surprisingly, the protein level of BMI1 , another stemness marker, was not affected by the up- or down-regulation of FOXO3a ([Fig. 2](#fig0002){ref-type="fig"}a, b, *p*-value \> 0.05, Student\'s *t*-test). The results of qRT-PCR show a similar pattern at the mRNA level ([Fig. 2](#fig0002){ref-type="fig"}c). We also performed the transcriptome analysis after overexpression of FOXO3a in SCC15. GSEA show that FOXO3a expression was positively associated with the genes down-regulated in cancer stem cells ([Fig. 2](#fig0002){ref-type="fig"}d, \|NES\|= 1.51, *p*-value = 0.009, FDR *q*-val = 0.027). However, FOXO3a expression was not associated with the genes up-regulated in cancer stem cells ([Fig. 2](#fig0002){ref-type="fig"}d, *p*-value \> 0.05, Student\'s *t*-test). Since FOXO3a is a transcription factor, we used ChIP-PCR assay to test the interaction between FOXO3a and SOX2 in SCC15 and SCC25 cells. Results suggest that FOXO3a can bind to the promoter region of SOX2 (Supplementary Fig. S1b), indicating that FOXO3a regulates SOX2 expression through direct interaction on genetic level.Fig. 2FOXO3a negatively regulates the stemness of OSCC. (a) Western blotting analysis of FOXO3a, stemness markers SOX2, ABCG2, CD44, BMI1 and differentiation marker IVL expression following FOXO3a overexpression in SCC15 and SCC25. β-tubulin was used as a protein loading control (b) Western blotting analysis of FOXO3a, stemness markers SOX2, ABCG2, CD44, BMI1 and differentiation marker IVL expression following shRNA knock down of FOXO3a in SCC15 and SCC25. β-tubulin was used as a protein loading control. (c) qRT-PCR analysis of FOXO3a, stemness markers SOX2, BMI1 and differentiation marker IVL expression following FOXO3a overexpression or knock down in SCC15 and SCC25. GAPDH was used as protein loading control. (d) GSEA to analyze the differential gene expression following down regulating FOXO3a in SCC15. Results are the mean ± SEM of three independent experiments and analyzed by GSEA, Student\'s *t*-test. \* *p* \< 0.05 \*\* *p* \< 0.01 \*\*\* *p* \< 0.001.Fig 2

Then we investigated whether FOXO3a can alter the stem cell-like properties of OSCC cells, including the abilities of self-renewal, drug resistance and tumor initiation. It was observed that the side population was expanded with FOXO3a down-regulation in SCC15 and *vice-versa* ([Fig. 3](#fig0003){ref-type="fig"}a, *p*-value \< 0.05, Student\'s *t*-test). Similar results were observed within SCC25 cells (Supplementary Fig S1c). The drug resistance assays showed that decreased FOXO3a can enhance the chemoresistance to cisplatin in both SCC15 ([Fig 3](#fig0003){ref-type="fig"}b, IC50: SCC15-NC 5.229 ± 1.158 µM; SCC15-FOXO3a-ShRNA7.731 ± 0.707) and SCC25 cells (Fig S1d, IC50: SCC25-NC 3.885 ± 0.863; SCC25-FOXO3a-ShRNA5.799 ± 0.453). Subsequently, serial sphere-forming assay suggests that overexpression of FOXO3a can significantly reduce the sphere formation ability ([Fig. 3](#fig0003){ref-type="fig"}c, Supplementary FigS1e), whereas the FOXO3a-knocked-down group displays an increase in the sphere-forming ability ([Fig. 3](#fig0003){ref-type="fig"}c, Supplementary FigS1e). These results indicate that overexpression of FOXO3a has an inhibitory effect on the self-renewal capacity. To further prove this, a mouse xenograft model was used to determine the tumorigenesis ability of these cell lines *in vivo*. FOXO3a knock-down group showed a higher tumor formation rate with SCC15 cells ([Fig. 3](#fig0003){ref-type="fig"}d, *p*-value \< 0.05, ELDA). A similar tendency was observed in SCC25 cells, though it was statistically insignificant (Supplementary Fig. S3f, *p* = 0.186, ELDA). Moreover, FOXO3a knock-down group had higher average tumor volume than the control group in both cell lines ([Fig. 3](#fig0003){ref-type="fig"}d, Supplementary Fig. S1E, Table S4, *p*-value \< 0.05, Student\'s *t*-test). Overall these findings suggest that FOXO3a is negative regulator of the stemness of OSCC.Fig. 3FOXO3a alter the stem cell-like properties in SCC15 (a) The percentage of side population among the stable cell lines with differential expression of FOXO3a in SCC15. (b)The chemoresistance against cisplatin of the stable cell lines with decreased FOXO3a in SCC15. (c) Serial sphere forming assay assessing the self-renewal ability of SCC15 following knock-down or overexpression of FOXO3a in SCC15. (d) Decreasing numbers (10^6^, 10^5^, 10^4^) of SCC15-FOXO3a-shRNA or their controls were injected subcutaneously into the axilla of BALB/c-nu mice to compare the tumorigenesis ability (*n* = 6/group). Results are mean ± SEM of three independent experiments and analyzed by ELDA, Student\'s *t*-test. \* *p* \< 0.05 \*\* *p* \< 0.01 \*\*\**p* \< 0.001.Fig 3

3.3. TGFβ enhances the stemness of OSCC cells {#sec0025}
---------------------------------------------

TGFβ is a well-researched cytokine involved in inducing stemness [@bib0031], [@bib0032], [@bib0033], [@bib0034], [@bib0035]. Therefore, we tested its efficacy in enhancing stemness in OSCC cell lines with TGFβ (2.0 ng/ml). The expression of SOX2 and ABCG2 increased in a time-dependent manner ([Fig. 4](#fig0004){ref-type="fig"}a, Supplementary Fig. S2a). The side population percentage increased after treatment with TGFβ for 48 h in both SCC15([Fig. 4](#fig0004){ref-type="fig"}b) and SCC25 cells (Supplementary Fig. S2b). Moreover, the sphere-forming assay showed a higher rate after treatment with 2.0 ng/ml TGFβ ([Fig 4](#fig0004){ref-type="fig"}c, Supplementary Fig. S2c). These results indicated that TGFβ can also enhance the stemness of OSCC cells.Fig. 4TGFβ enhances the stemness and decreases FOXO3a level of SCC15 cells (a) Western blotting assessment of FOXO3a, SOX2 and ABCG2 in SCC15 after treatment with TGFβ(2 ng/ml) (b) The percentage of side population increased after treatment of TGFβ(2 ng/ml) for 48 h in SCC15 (c)The self-renewal ability was enhanced after treatment of TGFβ(2 ng/ml) for 48 h in SCC15. (d)No significant difference was observed in mRNA level between TGFβ(2 ng/ml) treated group and control in SCC15. (e) Reduction of FOXO3a can be rescued with pretreatment with proteasome inhibitor MG132 (10 µM) before TGFβ (2 ng/ml) treatment in SCC15.Fig 4

3.4. TGFβ treatment results in phosphorylation, nuclear exclusion and degradation of FOXO3a {#sec0026}
-------------------------------------------------------------------------------------------

We observed a significant reduction of FOXO3a 48 h after the treatment with TGFβ ([Fig. 4](#fig0004){ref-type="fig"}a, Supplementary Fig. S2a, *p*-value \< 0.05, Student\'s *t*-test). There was no difference at the mRNA level between TGFβ treated group and control ([Fig. 4](#fig0004){ref-type="fig"}d, Supplementary Fig. S2d, *p*-value \> 0.05, Student\'s *t*-test), indicating that the reduction of FOXO3a occurs post-transcriptionally. Since FOXO3a is known to be degraded *via* the proteasome [@bib0007], we tested whether the FOXO3a reduction was due to increased proteasomal degradation. Results suggest that reduction of FOXO3a can be rescued by pretreating cells with a proteasome inhibitor MG132 (10 µM) prior to the TGFβ treatment ([Fig. 4](#fig0004){ref-type="fig"}e, Supplementary Fig. S2e). These results suggest that long TGFβ treatment results in proteasomal degradation of FOXO3a.

We also investigated the effect of short TGFβ treatment on FOXO3a. Immunofluorescence demonstrated that under normal conditions in the presence of 10% FBS, FOXO3a can be localized in both cytoplasm and the nucleus. However, nuclear exclusion of FOXO3a in SCC15 cells was observed 4-hour after the TGFβ treatment FOXO3a ([Fig. 5](#fig0005){ref-type="fig"}a and b). We observed similar translocation with SCC25 cells (Supplementary Fig. S3 a, b). FOXO3a phosphorylation at Ser253 and Thr32, at 10 min after the treatment with TGFβ ([Fig. 5](#fig0005){ref-type="fig"}c, Supplementary Fig. S3c) was also noted. These results suggested that short TGFβ treatment can also lead to phosphorylation and nuclear exclusion of FOXO3a. Overall, TGFβ treatment can result in phosphorylation, nuclear exclusion, and degradation of FOXO3a.Fig. 5TGFβ treatment results in phosphorylation, nuclear exclusion and degradation of FOXO3a in SCC15. (a) Immunofluorescence of FOXO3a localization after 4 h TGFβ (2 ng/ml) treatment in SCC15. (b) Nuclear and cytoplasmic protein extracts were subjected to Western blotting analysis after treatment with TGFβ (2 ng/ml) . β-tubulin and Histone H3 were used as a protein loading control. (c) After short TGFβ (2 ng/ml; 10 min,30 min and 60 min) treatment, FOXO3a was phosphorylated at Ser253 and Thr32, along with Akt phosphorylation at Ser473 and Thr308 in SCC15. No significant difference of p-ERK1/2 was observed. Results are the mean ± SEM of three independent experiments and analyzed by Student\'s *t*-test. \* *p* \< 0.05 \*\* *p* \< 0.01 \*\*\**p* \< 0.001.Fig 5

3.5. AKT is essential for phosphorylation, nuclear exclusion and degradation of FOXO3a by TGFβ {#sec0027}
----------------------------------------------------------------------------------------------

Post-transcriptional phosphorylation by kinases is considered a primary cause for translocation of FOXO3a [@bib0006], [@bib0007], [@bib0008]. Therefore, we investigated upstream targets, such as AKT and ERK1/2, which might be the reason for the nuclear exclusion of FOXO3a. Our results suggest that AKT, rather than ERK1/2, was phosphorylated and activated by TGFβ ([Fig. 5](#fig0005){ref-type="fig"}c, Supplementary Fig. S3c). We also observed AKT phosphorylation at Thr308 and Ser 473, 10 min after TGFβ treatment, corresponding with the phosphorylation of FOXO3a.

Further, to verify the importance of AKT, we used an inhibitor MK2206 (8 µM) to block its function. After pretreating with MK2206, the phosphorylation of FOXO3a was inhibited ([Fig. 6](#fig0006){ref-type="fig"}a, Supplementary Fig. S4a). Moreover, MK2206 rescued the nuclear exclusion and degradation of FOXO3a upon TGFβ stimulation ([Fig. 6](#fig0006){ref-type="fig"}b and c Supplementary Fig. S4 b and c). We also observed that upon mutation of all three AKT phosphorylation sites (Ser253, Thr32, Thr315) in FOXO3a, TGFβ stimulation does not influence the phosphorylation, localization, and level of FOXO3a. ([Fig. 6](#fig0006){ref-type="fig"}c and d, Supplementary Fig. S4 c and d)Fig. 6AKT is essential for phosphorylation, nuclear exclusion and degradation of FOXO3a by TGFβ, while AKT-FOXO3a axis plays a crucial role in TGFβ induced stemness in SCC15. (a) After pretreating with MK2206(8 µM) for 30 min, treatment with TGFβ (2 ng/ml) failed to induce phosphorylation, degradation of FOXO3a and upregulation of SOX2, ABCG2 in SCC15. β-tubulin was used as a protein loading control. (b) After pretreating with MK2206(8 µM) for 30 min, treatment with TGFβ (2 ng/ml) failed to induce degradation of FOXO3a and upregulation of SOX2, ABCG2 in SCC15. β-tubulin was used as a protein loading control. (c) Immunofluorescence showed cytoplasmic translocation of FOXO3a was inhibited with pre-treatment of MK2206(8 µM) or mutation at three AKT phosphorylation sites of FOXO3a in SCC15. (d) Stable cell line 15-FOXO3a-A3 was treated with 2 ng/ml TGFβ for 48 h and was analyzed using antibodies to SOX2, ABCG2. β-tubulin was used as a protein loading control. (e) Stable cell line 15-FOXO3a-shRNA was treated with 2 ng/ml TGFβ for 48 h and was analyzed using antibodies to p-FOXO3a(T32), SOX2, ABCG2. β-tubulin was used as a protein loading control. (f) No expansion of side population was observed with 2 ng/ml TGFβ for 48 h after pre-treatment of MK2206(8 µM), knock-down or mutation at three AKT phosphorylation sites of FOXO3a in SCC15. (g) FOXO3a is widely expressed and negatively correlated with the stemness in OSCC. This regulation can be abolished by TGFβ through phosphorylation, nuclear exclusion, and degradation in the non-Smad pathway. This non-Smad AKT-FOXO3a axis is essential to regulate stemness of CSCs by TGFβ. Results are the mean ± SEM of three independent experiments and analyzed by Student\'s *t*-test. \* *p* \< 0.05 \*\* *p* \< 0.01 \*\*\**p* \< 0.001.Fig 6

3.6. AKT-FOXO3a axis plays a crucial role in TGFβ induced stemness {#sec0028}
------------------------------------------------------------------

Previous results have suggested that FOXO3a inhibits the stemness. Therefore, in the next step, we checked if TGFβ exposure can enhance the stemness in OSCC through down-regulation of FOXO3a.SCC15-FOXO3a-shRNA and SCC25-FOXO3a-shRNA cell lines were treated with TGFβ for 48 h, and no additional upregulation of SOX2 or ABCG2 was observed ([Fig. 6](#fig0006){ref-type="fig"}e, Supplementary Fig. S4e). No change in the side population was observed either ([Fig. 6](#fig0006){ref-type="fig"}f, Supplementary Fig. S4f). Further, blocking AKT with 8 µM MK2206 or mutating FOXO3aat Ser253, Thr32, Thr315 inhibits the up-regulation of SOX2, ABCG2 and the expansion of side population by TGFβ in OSCC ([Fig. 6](#fig0006){ref-type="fig"}a, b, d, Supplementary Fig. S4 a, b, d). These findings are supportive of the fact that AKT-FOXO3a axis plays a crucial role in TGFβ induced stemness in OSCC.

4. Discussion {#sec0029}
=============

CSC theory states that, analogous to the renewal of normal tissues, tumor growth is similarly fueled by small numbers of CSCs hidden in cancers [@bib0003]. CSCs are proposed to be responsible for the poor prognosis of OSCC [@bib0037], [@bib0038]. Todoroki et al. reported CD44v3^+^/CD24^−^cells possess cancer stem cell-like properties in OSCC. OSCC patients with CD44v3^+^/CD24^−^ showed poor overall survival [@bib0037]. Linge A showed that low CSC marker expression and low hypoxia identify good prognosis subgroups in HPV(-) HNSCC after postoperative radio-chemotherapy [@bib0038]. Exploring the molecular mechanism of CSCs might help to improve the prognosis of OSCC patients. In our preliminary study, by detecting FOXO3a in OSCC specimens and cell lines, we revealed a possible negative relationship between FOXO3a and CSCs. This conclusion is supported by the following observations:(1) in pericarcinous epithelium, FOXO3a is absent or low in the stratum basal where epithelial stem cells are housed [@bib0039] (2) the expression of FOXO3a is increased as epithelial cells differentiate in the pericarcinous epithelium (3) the expression of SOX2, a well-known stemness marker [@bib0040], [@bib0041], [@bib0042], was negatively related with the expression of FOXO3a (4) the expression of FOXO3a was significantly decreased in the population of CSCs.

FOXO3a has been reported as a suppressor of stem-cell like properties in various solid tumors, such as lung [@bib0016], breast [@bib0017], colon [@bib0018] and nervous system [@bib0019]. However, in recent years some studies provided contradicting evidence. FOXO3a plays a crucial role in the expression of stemness marker CD44 in pancreatic cancer [@bib0021]. FOXO3/PGC-1β signaling axis was found to be essential for stem-cell like properties in pancreatic ductal adenocarcinoma [@bib0022]. The role of FOXO3a in regulating stemness in OSCC is unexplored. In our study, stemness markers were negatively regulated by FOXO3a, while differentiation marker IVL was positively regulated. GSEA revealed that FOXO3a expression was positively associated with down-regulated genes in CSCs. The CSCs are characterized by the overexpression of specific surface markers such as CD44 [@bib0021], [@bib0022], [@bib0037], which was repressed by FOXO3a in our study. Transcriptional regulation of SOX2 is important for induction of stem-cell like properties including self-renewal [@bib0040], [@bib0041] and chemoresistance [@bib0042]. As SOX2 was repressed by FOXO3a, we also observed that the abilities of self-renewal and chemoresistance were negatively regulated. Our study suggests that SOX2 could be a direct target negatively regulated by FOXO3a in OSCC. Up-regulation of ABC transporters is another feature of CSCs, which can lead to chemoresistance [@bib0043]. Side population (SP) assay evaluates the activity of ABC transporters and identifies putative CSCs by efflux of fluorescent dyes, such as Hoechst 33,342 and Rhodamine 123, which are exported by ABCG2 and ABCB1 transporters, respectively [@bib0005]. Our data suggest that chemoresistance, as well as the side population, were reduced by FOXO3a and it is coupled with downregulation of ABCG2 transporters. Dubrovska et al. reported that shRNA knockdown of FOXO3a can lead to an increase in the tumorigenic ability [@bib0044]. In our study, we observed a similar phenomenon, but in SCC25 cells the difference was not significant. CSCs have a much stronger ability for tumorigenesis. Even only 100 cancer stem cells can induce tumor formation in nude mice [@bib0045]. But in our experiments, even a group of 10,000 cells failed to induce a tumor. This might also be due to limited tumorigenesis ability of SCC15 and SCC25 cell lines. Our future studies will involve validation in other OSCC cell lines. We also observed that not all stemness markers were upregulated when FOXO3a levels were modulated. It was only sufficient to induce stem cell-like properties and expansion of CSCs partially. As stem-cell like properties are one of the main reasons for bad prognosis, high expression of FOXO3a can provide a better outcome as the suppressor of stemness in OSCC.

TGFβ plays a complex dual role in the tumor microenvironment, converting itself from suppressor to promoter with cancer progression [@bib0024]. Previous studies have suggested that TGFβ contributes to CSCs in various cancer. Consistent with these findings [@bib0031], [@bib0032], [@bib0033], [@bib0034], we also observed that TGFβ can enhance stem-cell-like traits and expanded CSCs in OSCC.

TGFβ mainly acts through the canonical Smad pathway [@bib0024]. Blockage of this pathway effectively attenuates the stem-like properties and eliminates CSCs subpopulation in breast cancer [@bib0046], [@bib0047]. TGFβ signaling is also integrated into the complex intracellular signaling network through crosstalk with other pathways [@bib0025].Cross-talk was observed between TGFβ and NF-κB signal pathway through TAK1 and SMAD7 in a subset of head and neck cancers [@bib0048]. Wu et al. reported that TGFβ1-induced CK17 could enhance the CSC characteristics and facilitate the epithelial-mesenchymal transition (EMT) of cervical cancer through ERK1/2-MZF1 pathways [@bib0031]. Matsumoto et al. had demonstrated that TGFβ-mediated LEFTY/AKT/GSK-3β/Snail axis regulates EMT and stem-cell like properties in ovarian clear cell carcinomas [@bib0033]. Taken together, the canonical pathway as well as crosstalk of TGFβ, both are important factors to regulate the cancer stemness. Our results suggest that TGFβ induced the activation of AKT by phosphorylation at Ser473 and Thr308 rather than ERK1/2 in OSCC. The increased activity of AKT after treatment of TGFβ has been widely reported [@bib0033], [@bib0049], [@bib0050], [@bib0051], [@bib0052], [@bib0053]. However, the precise mechanism of crosstalk between TGFβ and AKT is still unclear. Yi et al. had shown that both TβRII and TβRI are directly involved in the activation of AKT by interacting with the p85 subunit of PI3K [@bib0052]. In pancreatic adenocarcinoma cells, TGFβ has been shown to transcriptionally downregulate PTEN and repressing the PI3K/AKT pathway [@bib0053]. Recently, it has been reported that TGFβ can activate PI3K and AKT *via* TRAF6,which poly-ubiquinates the PI3K regulatory subunit p85α and promote complex formation between TβRI and p85α [@bib0051]. The molecular mechanism underlying the crosstalk between TGFβ and AKT-FOXO3a remains to be further explored.

Phosphorylation is an important and complex way to regulate the function of FOXO3a [@bib0006], [@bib0007], [@bib0008]. In one hand, activation of a number of different protein kinases by insulin/growth factor signaling, including AKT, SGK, ERK1/2, CK1 and IKK, induces translocation of FOXO3a into cytoplasm [@bib0006], [@bib0007], [@bib0008], [@bib0036]. In the other hand, under oxidant/nutrient stress, several upstream regulators, such as JNK, MST1, AMPK and LMTK3, promotes nuclear localization and transcriptional activity of FOXO3a [@bib0006], [@bib0007], [@bib0008], [@bib0036]. Different kinases phosphorylate FOXO3a at specific sites. AKT and GSK phosphorylates FOXO3a at Thr32, Ser 253 and Ser315 [@bib0054], while ERK1/2 phosphorylates FOXO3a at Ser294,Ser344 and Ser425 [@bib0055]. Moreover, kinases such as AKT, ERK1/2, IKK, can be also activated by cross-talk of TGFβ. After translocation into cytoplasm, FOXO3a is further degraded through proteasome, which can be inhibited by MG132 [@bib0008]. In our study, activated AKT resulted in subsequent phosphorylation, translocation to the cytoplasm and finally degradation *via* the proteasome of FOXO3a. Also, function of FOXO3a is disturbed by phosphorylation at Thr32 and Ser253. Downstream targets as well as stem-cell like properties regulated by FOXO3a, are further affected. We further investigated whether AKT-FOXO3a axis plays a major role in TGFβ-induced stem-cell like properties. OSCC cells pretreated with AKT inhibitor MK2206, or with lower expression levels of FOXO3a, or with a mutation on AKT binding sites, FOXO3a showed little enhancement in stemness markers or expansion of the side population after treatment with TGFβ. This further suggests that AKT-FOXO3a axis does play a crucial regulatory role in TGFβ-induced stemness. The role of TGFβ and this non-Smad axis *in vivo* will be investigated in our future study.

In summary, we demonstrated that FOXO3a plays an important role in negatively regulating stemness. TGFβ results in phosphorylation, nuclear exclusion, and degradation of FOXO3a by activating AKT. We further illustrated that the non-Smad AKT-FOXO3a axis is essential to regulate the stemness of CSCs ([Fig. 6](#fig0006){ref-type="fig"}g). Our study provides a foundation that can help to understand the mechanism of CSCs and a possible therapeutic target to eliminate CSCs in OSCC.
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